Abbreviations
=============

mAbs

:   monoclonal antibodies

ADCC

:   antibody-dependent cell-mediated cytotoxicity

ADCP

:   antibody-dependent cellular phagocytosis

CDC

:   complement-dependent cytotoxicity

ADCR

:   antibody-dependent cytokine release

FcγR

:   Fc gamma receptor

PBMC

:   peripheral blood mononuclear cell

NK

:   natural killer

IFN

:   interferon

IL

:   interleukin

TNF

:   tumor necrosis factor

APCs

:   antigen-presenting cells

DC

:   dendritic cell

Introduction {#s0001}
============

There are multiple mechanisms by which cytotoxic monoclonal antibodies (mAbs) function to destroy targeted cells, and a key goal for pre-clinical studies is to provide insights into which mechanisms influence efficacy. Commonly, in vitro studies focus on determining the antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), or complement-dependent cytotoxicity (CDC) capacity of mAbs intended for therapeutic intervention. Innate immune effector cells mediate ADCC and ADCP, whereas CDC is mediated by humoral components of the immune system. However, several recent studies demonstrated both in pre-clinical animal models and in human clinical trials that anti-tumor mAbs can, in some cases, elicit adaptive immune responses,[@cit0001] suggesting that mAbs could serve as a link between the innate and adaptive immune responses. The mechanism(s) by which anti-tumor mAbs elicit adaptive immune responses against targeted tumors have not been definitively characterized, although the ability of tumor-targeting mAbs to elicit cytokines via interactions with Fc gamma receptors (FcγRs) have been implicated in shaping the overall tumor microenvironment.[@cit0005] Furthermore, it has become increasingly apparent that antibody engagement of select FcγRs can drive efficacy for both pro-apoptotic and immune-modulatory antibodies.[@cit0006]

Human FcγRs are typically divided into the activating FcγRs (e.g., FcγRI, FcγRIIa, and FcγRIIIa), which contain immunoreceptor tyrosine-based activation motifs (ITAM), and the inhibitory FcγRIIb, which contains an immunoreceptor tyrosine-based inhibitory motif (ITIM).[@cit0012] Both FcγRIIa and FcγRIIIa are further subdivided into high affinity polymorphisms (i.e., H131 and V158, respectively) and low affinity polymorphisms (i.e., R131 and F158, respectively). Of the 3 human IgG subclasses most commonly adopted for mAb-based therapeutics - IgG1, IgG2, and IgG4 - each displays distinct binding patterns to the human activating FcγRs. FcγRI, the highest affinity receptor, binds to IgG1 and to a slightly lesser extent IgG4,[@cit0013] but does not show appreciable affinity for IgG2.[@cit0014] The FcγRIIa and FcγRIIIa receptors bind to IgGs with lower affinities, and typically need to engage Fc domains under avidity-based conditions to facilitate productive interactions. IgG2 and IgG4 engage FcγRIIa with slightly weaker binding than IgG1, whereas IgG2 and IgG4 display much weaker binding to FcγRIIIa compared to IgG1.[@cit0014] The inherent differences in FcγR engagement between the human IgG subclasses have proven useful in determining which FcγRs influence cell-mediated cytotoxic activities.[@cit0015]

It has long been observed that triggering FcγRIIIa on natural killer (NK) cells promotes interferon (IFN)γ secretion.[@cit0018] In terms of anti-tumor mAbs, it was shown that trastuzumab-opsonized tumor cells could drive IFNγ secretion in human NK cells, particularly in the presence of interleukin (IL)-12, and the elicitation of IFNγ was considered an important factor for anti-tumor efficacy.[@cit0019] Investigators recently correlated mAb ADCC capacity with antibody-dependent cytokine release (ADCR) of IFNγ, monocyte chemoattractant protein-1, IL-6, and tumor necrosis factor (TNF).[@cit0020] MAb-mediated induction of these pro-inflammatory cytokines was postulated to influence other immune cells in close proximity. IFNγ in particular is a pro-inflammatory cytokine that can affect immune function via enhancing macrophage tumor cell-killing by increasing reactive nitrogen intermediates, augmenting cross-presentation by professional antigen-presenting cells (APCs), increasing expression of co-stimulatory molecules, including major histocompatibility complex (MHC) I and MHC II, and support Th1-cell differentiation.[@cit0021] It was recently demonstrated that mAb-mediated induction of IFNγ resulted in dendritic cell (DC) maturation and increased antigen presentation, which was hypothesized to result in increased cross-presentation potential to CD8 T cells, thereby linking the innate and adaptive immune responses.[@cit0005]

In contrast to inducing the production of pro-inflammatory cytokines, mAb/immune cell interactions can also result in the release of immunosuppressive and tumor-promoting cytokines. Monocytes and macrophages play a key role in orchestrating the immune response. When monocytes encounter danger signals, which include pro-inflammatory cytokines and bacterial products (e.g., pathogen-associated molecular patterns), they often differentiate into M1 macrophages.[@cit0022] These cells are thought to aid tumor suppression and microbial clearance by promoting Th1-like immune responses. However, these potent drivers of pro-inflammatory immune responses are rigorously regulated during the progression of immune responses in order to limit tissue destruction.[@cit0023] It was recognized over 15 years ago that antibodies could provide a means of inducing a macrophage immune checkpoint by influencing macrophage polarization. Mosser and colleagues demonstrated that antibody triggering of FcγRI on macrophages converted pro-inflammatory macrophages into regulatory macrophages, and a hallmark of this conversion was the release of the anti-inflammatory cytokine IL-10.[@cit0024] The authors concluded that the secretion of IL-10 could alleviate the potential of bystander tissue damage within disease microenvironments caused by pro-inflammatory macrophages. It was recently demonstrated that co-culture of macrophages with cetuximab-opsonized tumor cells resulted in the release of the anti-inflammatory cytokine IL-10 as well as IL-8.[@cit0025] Moreover, induction of macrophage IL-10 release by cetuximab, which targets epidermal growth factor receptor, was postulated to influence the lower rates of progression free survival of some patients undergoing combined treatment with cetuximab, the vascular endothelial growth factor-targeted agent bevacizumab and chemotherapy.[@cit0025] Therefore, IgG1-mediated induction of regulatory macrophages and the subsequent elaboration of anti-inflammatory cytokines are now proposed by independent researchers to be problematic for the treatment of tumors with cell-targeting mAbs.[@cit0027]

We recently reported a novel Fc engineered platform technology that resulted in selective cell-killing functions.[@cit0028] Most conventional Fc engineering approaches are aimed at either silencing immune effector functions[@cit0029] or augmenting cell-killing functions such as ADCC,[@cit0030] ADCP,[@cit0033] or CDC[@cit0034] without taking into consideration downstream effects such as ADCR or subsequent macrophage polarization. Here we report an Fc engineering approach that dissociates cell-killing functions from cytokine-release by utilizing mAb Fc variants that selectively engage specific FcγRs.

Results {#s0002}
=======

IgG1-opsonized tumor cells drive peripheral blood mononuclear cell-based ADCC and ADCR, whereas IgG2 and IgG4 had limited activity {#s0002-0001}
----------------------------------------------------------------------------------------------------------------------------------

We previously showed that an anti-CD142 (tissue factor) human IgG1 mAb was capable of eliciting ADCC and ADCP in vitro and suppressing tumor growth in vivo against the triple-negative breast cancer cell line MDA-MB-231.[@cit0037] To assess the ability of different IgG subclasses to elicit peripheral blood mononuclear cell (PBMC)-mediated ADCC and ADCR against MDA-MB-231 cells, we engineered variants of the IgG1 mAb to contain human IgG2 and IgG4 constant regions, respectively.[@cit0040] As shown in [**Figure 1A**](#f0001){ref-type="fig"}, only the IgG1 subclass was capable of eliciting robust ADCC against MDA-MB-231 target cells, whereas the IgG2 and IgG4 subclasses each elicited low to undetectable ADCC in a 2 h assay. 48 h ADCR assays were next set-up both in the presence and absence of exogenous IL-12 since IL-12 has been previously shown to influence PBMC-based ADCR.[@cit0019] Consistent with the ADCC results, in the absence of exogenous IL-12, IFNγ secretion by PBMCs in response to mAb-opsonized tumor cells was highest with the IgG1 subclass since IgG1 elicited a mAb concentration-dependent increase in IFNγ, whereas the IgG2 and IgG4 subclasses each elicited low to undetectable increases in IFNγ ([**Fig. 1B**](#f0001){ref-type="fig"}). In the presence of IL-12, the total amount of mAb concentration-dependent increase in IFNγ induced by IgG1 was higher than that observed in the absence of IL-12 (e.g., ∼8000 pg/ml vs. 1200 pg/ml, respectively, for IgG1 at 5 μg/ml). Figure 1.IgG1 antibodies mediate cytotoxicity and IFNγ cytokine secretion by PBMCs. (**A**) ADCC was performed using human PBMC as effector cells and MDA-MB-231 cells as targets with the indicated concentrations of anti-CD142 antibodies. Data are representative of 2 independent experiments (duplicate measurements per experiment). (**B--C**) ADCR assays were performed using PBMC effector cells and MDA-MB-231 target cells in the absence (**B**) or the presence (**C**) of IL-12. After 48-h supernatants were collected and IFNγ secretion was measured using ELISA. Data are representative of 2 independent experiments (duplicate measurements per experiment).

In contrast, tumor cells opsonized with the IgG2 or IgG4 subclasses resulted in low to undetectable increases in IFNγ over the background signal observed with the isotype control ([**Fig. 1B--C**](#f0001){ref-type="fig"}). In the presence of IL-12, the background levels of IFNγ secreted were augmented such that there was a roughly 10-fold increase in the baseline levels of IFNγ detected relative to ADCR assays performed in the absence of IL-12 ([**Fig. 1B**](#f0001){ref-type="fig"}), indicating that IL-12 treatment alone resulted in increased IFNγ secretion independent of the presence of tumor-targeting mAbs. These results demonstrated that IgG1 could elicit ADCC and IFNγ in a PBMC-based ADCR assay, whereas IgG2 and IgG4 had limited ability to drive ADCC and IFNγ secretion.

Macrophage-based ADCP and ADCR are distinct processes and IgG subclass-dependent {#s0002-0002}
--------------------------------------------------------------------------------

Macrophages are considered key regulators of the tumor microenvironment,[@cit0027] and both pre-clinical animal studies[@cit0041] and human clinical data[@cit0045] have demonstrated that macrophages can facilitate mAb-mediated suppression of tumor cells in vivo. Additionally, unlike PBMC-mediated ADCC, multiple IgG subclasses can facilitate macrophage-mediated ADCP.[@cit0016] We have previously reported a macrophage-mediated tumor cell-killing assay that assesses the total loss of tumor cells over a 24-h period as opposed to the more commonly employed 4-h assessments of macrophage internalization of mAb-opsonized tumor cells.[@cit0028] For the purposes of this study, we performed 24-h macrophage-mediated cell-killing assays and also collected supernatants to assess the levels of IL-10 at the 24-h time point. Macrophages were differentiated from purified monocytes by incubating the monocytes with 25 ng/ml macrophage colony-stimulating factor (M-CSF) for 7 days, including the addition of 50 ng/ml IFNγ for the final 24 h. The relative expression levels of FcγRI, FcγRIIa, FcγRIIb, and FcγRIIIa are shown in [**Figure 2A**](#f0002){ref-type="fig"}. In contrast to ADCC, where only IgG1 was effective, all 3 human subclasses tested (i.e., IgG1, IgG2, and IgG4) were capable of killing mAb-opsonized tumor cells ([**Fig. 2B**](#f0002){ref-type="fig"}). However, there was a discrepancy between cell-killing and IL-10 production such that IgG1 and IgG4 elicited IL-10, whereas IgG2 induced substantially lower levels of IL-10 ([**Fig. 2C**](#f0002){ref-type="fig"}). These results demonstrated that, dependent on the IgG subclass, macrophages were capable of killing tumor cells while having limited secretion of IL-10. Figure 2.Macrophage tumor-cell-killing is uncoupled from ADCR. (**A**) Flow cytometry analysis for the cell surface expression of macrophage FcγRI, FcγRIIa, FcγRIIb, and FcγRIIIa. Isotype controls are shown as solid gray and FcγRs are shown as open lines. 24 h macrophage tumor cell-killing (**B**) and ADCR from the same experiment (**C**) are shown. Supernatants were collected after 24 h, and the IL-10 levels were measured using ELISA. Data are representative of 4 independent experiments (duplicate measurements per experiment).

Characterization of Fc engineered variants that engage FcγRIIa and FcγRIIIa but have low to undetectable binding to FcγRI {#s0002-0003}
-------------------------------------------------------------------------------------------------------------------------

We previously reported a protease-resistant IgG1 platform with selectable cell-killing functions.[@cit0028] This was accomplished first by engineering the lower hinge of IgG1 to contain the corresponding amino acids of IgG2 (i.e., E233P-L234V-L235A with G236-deleted, designated 2h), which conferred protease-resistance but rendered the IgG silent in terms of eliciting ADCC and CDC. To restore ADCC/ADCP or CDC, we selectively incorporated mutations into the C~H~2 region. The variants were cloned onto the anti-CD142 variable region, and we previously demonstrated that the variants displayed identical binding to CD142 as the parental mAb.[@cit0028] For this study, we assessed the binding of 2 of these variants (i.e., 2h-DAA containing S239D/K326A/E333A and 2h-AEA containing K326A/I332E/E333A) to 3 activating FcγRs: FcγRI, FcγRIIa, and FcγRIIIa. As shown in [**Figure 3A**](#f0003){ref-type="fig"}, IgG4 had slightly reduced binding to FcγRI compared to IgG1. In contrast, IgG2 and the variants 2h-DAA and 2h-AEA had undetectable binding to FcγRI. All of the variants tested bound to FcγRIIa (R131) within 5-fold of human IgG1 ([**Fig. 3B**](#f0003){ref-type="fig"}). The variants 2h-DAA and 2h-AEA bound to FcγRIIIa (V158) within 2-fold of human IgG1, whereas IgG2 and IgG4 had greater than 30-fold decreased binding to FcγRIIIa compared to IgG1 ([**Fig. 3C**](#f0003){ref-type="fig"}). These results revealed 2 Fc variants with low to undetectable binding to FcγRI that maintained binding to FcγRIIa and FcγRIIIa comparable to IgG1. Figure 3.Two engineered variants demonstrate binding to FcγRIIa and FcγRIIIa, but lack binding to FcγRI. The binding of IgG1 (solid black circles), IgG2 (solid green squares), IgG4 (solid blue diamonds), 2h-DAA (solid down red triangle), and 2h-AEA (open purple squares) to FcγRI (**A**), FcγRIIa (R131) (**B**), and FcγRIIIa (V158) (**C**) were performed by competition AlphaScreen. Data are representative of 2 independent experiments (duplicate measurements per experiment).

Engineered variants that lack FcγRI binding elicit similar cytokines as IgG1 in a PBMC-based ADCR assay {#s0002-0004}
-------------------------------------------------------------------------------------------------------

To determine which other cytokines in addition to IFNγ were secreted by PBMCs in response to antibody-opsonized tumor cells, PBMCs from multiple donors were incubated with anti-CD142 antibody variants bound to MDA-MB-231 target cells. After 48 h, supernatants were collected and analyzed by Luminex Multi-Analyte Profile in the presence or absence of IL-12. Multiple cytokines were induced by IgG1, 2h-DAA, and 2h-AEA opsonized tumor cells including IFNγ, IL-1α, IL-1β, as well as matrix metalloproteinase 3 (MMP-3) ([**Fig. 4A**](#f0004){ref-type="fig"}). Additional cytokines were detected including IL-6, IL-8, GM-CSF, MIP-1α, MIP-1β, RANTES and TNF among others (data not shown). Unlike the macrophage-mediated ADCR described in [**Figure 2**](#f0002){ref-type="fig"}, IL-10 was not secreted in substantial amounts by PBMCs. The IgG2 and IgG4 subclasses elicited limited to undetectable cytokine secretion. The fold-change in cytokine secretion was higher in the absence of IL-12, presumably because the background levels were lower. In addition, the total amount of cytokines secreted was elevated in the presence of IL-12 ([**Fig. 4B**](#f0004){ref-type="fig"}). Figure 4(**See previous page**). Multiple cytokines are triggered by engagement of FcγRs on PBMCs in response to antibody-opsonized tumor cells. ADCR assays with PBMC effector cells were performed in the absence (**A**) or presence (**B**) of IL-12. After 48 h, supernatants were collected and analyzed by a quantitative Luminex Multi-Analyte Profile assay. Dot plots on top represent the concentration of cytokines detected from a single donor, and the bar graphs below represent the mean +/− SEM fold-change in cytokine levels normalized to the isotype control from 4 independent PBMC donors. (**C**) Shown are flow cytometric histograms of IFNγ secretion elicited by IgG1 (black) compared to negative control (gray) of NK Cells (CD56^pos^, CD3^neg^), NKT cells (CD56^pos^CD3^pos^), CD16^pos^ monocytes (CD14^pos^CD16^pos^), CD16^neg^ monocytes (CD14^pos^CD16^neg^), T cells (CD3^pos^). (**D**) NK and NKT cells were the primary producers of IFNγ in ADCR assays using PBMCs. ADCR assays were performed with PBMCs, MDA-MB-231-GFP target cells and 5 µg/ml of anti-CD142 antibody variants in the absence or presence of IL-12. Bar graphs summarize the percent of each population secreting IFNγ elicited by each of the antibody variants. Data are representative from 3 donors in 2 independent experiments.

Human PBMC populations consist of T cells, B cells, NK cells, NKT cells, and monocytes. The relative levels of FcγRs on NK cells and monocytes in PBMCs are shown in **Figure S1**. To assess which populations of cells within PBMCs were secreting cytokines in response to antibody-opsonized tumor cells, intracellular cytokine staining for IFNγ was utilized. PBMCs were co-incubated with MDA-MB-231 target cells opsonized with anti-CD142 variants. Flow cytometry was used to identify the cell populations within PBMCs and to determine the percentage of each cell population secreting IFNγ ([**Fig. 4C-D**](#f0004){ref-type="fig"}). In the absence of IL-12, only NK cells and NKT cells expressed IFNγ in the presence of IgG1, 2h-DAA, and 2h-AEA. Consistent with the cytokine secretion results, minimal intracellular IFNγ was observed with IgG4, and treatment with IgG2 resulted in slightly lower frequencies of intracellular IFNγ positive cells relative to isotype control treated cells. In the presence of IL-12, the background levels of IFNγ positive cells increased, but tumor cells opsonized with IgG1, 2h-DAA, and 2h-AEA demonstrated an increased frequency of IFNγ positive NK cells. These results indicated that although PBMCs contain effector cells expressing FcγRI and FcγRIIa (e.g., monocytes) and FcγRIIb (e.g., monocytes and B cells), the ability of mAbs to drive cytokine production in a 48 h ADCR assay was largely dependent upon interactions with FcγRIIIa because only IgG1, but not IgG2 or IgG4, mAbs possesses the capability to mediate these effects.

Macrophage-mediated ADCR is dependent on interactions with FcγRI {#s0002-0005}
----------------------------------------------------------------

We next determined if the engineered variants were capable of eliciting ADCP without inducing ADCR. As shown in [**Figure 5A**](#f0005){ref-type="fig"}, IgG1, IgG4, 2h-DAA, and 2h-AEA all elicited similar levels of tumor cell-killing after 24 h, indicating that Fc interactions with FcγRI were dispensable for eliciting ADCP, since 2h-DAA and 2h-AEA displayed weak to undetectable binding to FcγRI ([**Fig. 3A**](#f0003){ref-type="fig"}). In contrast to the PBMC-mediated ADCR, IgG1 macrophage-mediated ADCR elicited minimal levels of IFNγ, IL-1α, and IL-1β. However, the IgG1 and IgG4 opsonized tumor-cells resulted in ∼15-fold increased IL-8, ∼10-fold increased IL-10, ∼12-fold increased MIP-1α, ∼30-fold increased MIP-1β, ∼10-fold increased RANTES, ∼ 25-fold increased TNF, and ∼7-fold increased MMP-3, whereas the variants 2h-DAA and 2h-AEA elicited low to undetectable levels of these cytokines ([**Fig. 5B**](#f0005){ref-type="fig"}), despite the ability to kill variant-opsonized tumor cells. Because only IgG1 and IgG4 elicited the most robust ADCR and, among the mAbs tested, these were the only 2 mAbs that showed appreciable binding to FcγRI ([**Fig. 3A**](#f0003){ref-type="fig"}), the results implicate Fc interactions with FcγRI as a key requirement for macrophage-mediated ADCR under the conditions tested. Collectively, these results demonstrate that an Fc engineering approach can be employed that uncouples macrophage-mediated tumor cell-killing from the induction of cytokines, while still maintaining the ability to elicit cytokines by PBMCs. Figure 5.Macrophage-mediated ADCR is dependent on interactions with FcγRI. (**A**) Macrophage 24-h tumor cell-killing is depicted for 4 independent donors (duplicate measurements per experiment). (**B**) At the end of the 24-h incubation in the tumor cell-killing assay, supernatants were collected and analyzed for cytokine levels. Dot plots on top represent the concentration of cytokines detected from a single donor (duplicate measurements per experiment), and the bar graphs below represent the mean +/− SEM fold-change in cytokine levels normalized to the isotype control from 4 independent PBMC donors.

Discussion {#s0003}
==========

Isotype selection and the employment of Fc engineered variants for therapeutic mAbs is often driven by the intent to match the appropriate immune effector functions with any given disease microenvironment.[@cit0047] For example, IgG1 or Fc-enhanced backbones are typically chosen when the intent is to kill tumor cells via immune effector functions, whereas engineered Fc "silent" platforms are employed when immune effector functions are not warranted or could prove detrimental. We show here that isotype selection also influences the secretion of cytokines. IgG1 - the most common subclass used for mAb-based therapies - is capable of eliciting pro-inflammatory cytokines by PBMCs (e.g., IFNγ, IL-1α, IL-1β). Furthermore, intracellular flow cytometry demonstrated that IgG1 PBMC-based IFNγ ADCR was limited to NK and NKT cells. Since both NK and NKT[@cit0049] cells predominantly express FcγRIIIa (a subset of NK cells can also express FcγRIIc),[@cit0050] IFN-γ secretion via PBMC-based ADCR was regulated in large part by FcγRIIIa and potentially FcγRIIc. In contrast, neither IgG2 nor IgG4 elicited robust cytokine secretion from PBMC effector cells. The intracellular cytokine studies were limited to detection of IFNγ. Future studies will explore if other populations within the PBMCs were secreting other cytokines detected in the supernatants.

When macrophages were used as effector cells in the ADCP/ADCR assays, tumor opsonization with IgG1 resulted in both tumor cell-killing and elicitation of a mix of pro-inflammatory (e.g., TNF, RANTES) and anti-inflammatory cytokines (e.g., IL-10). IgG4 opsonized tumor cells in the macrophage-mediated ADCP/ADCR assays were similar to IgG1 in that IgG4 drove both tumor cell-killing and cytokine secretion. In contrast, IgG2 was capable of driving macrophage-mediated ADCP without eliciting cytokine secretion. Since IgG2 has weak to undetectable binding to FcγRI,[@cit0014] these results corroborated previous findings that mAb-induced secretion of IL-10 was largely dependent on interactions with FcγRI.[@cit0024] The 2 engineered variants, 2h-DAA and 2h-AEA, had reduced to undetectable binding to FcγRI but maintained binding to both FcγRIIa and FcγRIIIa, and, as such, displayed unique properties in that they could facilitate macrophage-mediated cell-killing without eliciting cytokines from macrophages ([**Fig. 5A-B**](#f0005){ref-type="fig"}) while still maintaining the ability drive PBMC-based ADCR ([**Fig. 4A-B**](#f0004){ref-type="fig"}). To our knowledge, these are the only 2 IgG variants reported in the literature that display these properties.

Previous reports have often concentrated on detecting a fairly limited set of cytokines secreted from macrophages.[@cit0024] Our results corroborate that mAb opsonized tumors can elicit IL-10 in an FcγRI-dependent manner,[@cit0024] but we also detected cytokines typically considered to be pro-inflammatory (e.g., IL-8, MIP-1α, MIP-1β, TNF, and RANTES). It has yet to be determined how this cytokine mixture will influence disease microenvironments, particularly the maturation state or polarization of immune effector cells. It has been previously demonstrated that among a mixture of cytokines, one individual cytokine can have a strong influence on cell fate decisions. Ferris and colleagues showed that in tri-cultures of NK cells, mAb-opsonized tumor cells, and dendritic cells, the solitary immuno-depletion of IFNγ had a profound effect on the maturation state of the DCs in the culture.[@cit0005] It is intriguing to speculate which cytokines elicited from macrophages will have the strongest effect on the tumor microenvironment. Our engineered variants have the unique ability to elicit cell-killing from both PBMCs and macrophages, but only induce the pro-inflammatory milieu secreted by PBMCs without inducing any detected anti-inflammatory cytokines. Future studies will investigate if these variants can tip the balance of the tumor microenvironment away from pro-tumor to a more pro-inflammatory, Th1-like response. The ability to test this at present is limited by in vivo mouse models containing murine FcγRs that also lack the adaptive immune system. However, the advent of fully humanized FcγR mice on a non-immune compromised mouse background may provide an acceptable model system.[@cit0051]

An additional consideration for macrophage-mediated ADCR concerns the context in which the antibody Fc is presented to the macrophage. It was previously demonstrated that IL-10 was not elicited from macrophages when an IgG1 mAb was coated directly onto plates.[@cit0025] Rather, the IL-10 secretion was dependent on the Fc being presented in the context of mAb-opsonized tumor cells. Furthermore, whereas monomeric IgG2 and anti-F(ab')~2~ aggregated IgG2 immune complexes do not bind to FcγRI,[@cit0014] higher-order IgG2 immune complexes have demonstrated binding to FcγRI.[@cit0052] Although IgG2 opsonized on the surface of tumor cells did not elicit cytokines from macrophages in our studies, it will be of interest to test if IgG2 in other contexts influences macrophage cytokine secretion (e.g., high-order immune complexes or opsonized onto different sized tumor cells or bacteria). Additionally, as it is becoming increasingly understood that cellular responses, particularly with regards to immune effector cells, are a result of multiple signaling pathways acting in concert,[@cit0053] it is intriguing to speculate that the mAb-opsonized tumor cells are stimulating multiple pathways in macrophages to elicit cytokine secretion. Ferris and colleagues demonstrated that NKG2D/MICA interactions influenced IFNγ-dependent DC maturation in the presence of NK cells and mAb-opsonized tumor cells.[@cit0005] Future studies will be needed to define which interactions, in addition to Fc:FcγR engagement, influence cytokine secretion in macrophage-based ADCR.

Our group and others previously demonstrated that MMP-3 is capable of rapidly cleaving human IgG1 antibodies.[@cit0028] We show here that both PBMC-mediated and macrophage-mediated ADCR resulted in the secretion of MMP-3. One potential consequence of this MMP-3 secretion is the cleavage and inactivation of mAbs within the tumor microenvironment. We had previously detected an accumulation of cleaved IgGs at the invasive front of human head and neck squamous cell carcinoma tumors,[@cit0028] a location where antibodies are enriched within the tumor microenvironment due to proximity to the perivascular space and high interstitial tumor pressure.[@cit0056] This raises the possibility that ADCR-mediated MMP-3 secretion contributes to the detection of cleaved IgGs at the tumor-stromal interface. We and others have shown that a single cleavage in one heavy chain of an IgG1 mAb abrogates tumor cell-killing function in vitro and in vivo.[@cit0039] As the 2 variants described herein are also resistant to MMP-3-mediated cleavage,[@cit0028] the use of these variants in the tumor setting could also eliminate cleavage by a highly-relevant protease induced through ADCR.

In summary, we engineered variants with a unique FcγR-binding profile that resulted in an uncoupling of macrophage-mediated cell-killing from ADCR without compromising PBMC-mediated pro-inflammatory immune responses. Future studies will address the effect of competing IgGs on the differential FcγR-binding, expand the studies to include other tumor-targeting mAbs and tumor cell lines, as well as test the variants in appropriate genetically engineered mouse models.

Materials and Methods {#s0004}
=====================

Antibodies {#s0004-0001}
----------

The IgG1 anti-CD142 mAb (CDR grafted, humanized) contains the same V-region as the murine anti-human CD142 mAb TF8-5G9, which came from the Scripps Research Institute and has been previously described.[@cit0028] The heavy and light chains of the anti-CD142 mAb were engineered onto the IgG2 and IgG4 subclasses and the 2h-DAA and 2h-AEA variant constant regions by molecular cloning. All antibodies used in the ADCR assays were assessed for the presence of endotoxin, because endotoxin-contaminated preparations of recombinant proteins can profoundly influence cytokine secretion.[@cit0059] All mAbs used in the ADCR assays had less than 2 EU/mg.

ADCC assays {#s0004-0002}
-----------

A final number of 1.0 × 10^4^ BATDA-labeled (PerkinElmer, cat.no. C136-100) MDA-MB-231 target cells and 0.5 × 10^6^ human PBMC effector cells (1:50 target:effector ratio) were added to the wells of a 96-well plate and incubated with increasing concentrations of the anti-CD142 mAbs, centrifuged for 2 minutes at 200 g and incubated at 37°C. The medium for the assay was DMEM containing glutamax (Life Technologies, cat.no. 10569), 1X non-essential amino acids (Life Technologies, cat.no. 11140), and 10% FBS (Life Technologies, cat.no. 10437). After 2 h, plates were centrifuged for 5 minutes at 200 g, and 50 μl of supernatant were mixed with 200 μl of DELPHIA Europium-based reagent (PerkinElmer, cat.no. C135-100). Relative Fluorescence Units were measured using an Envision 2101 Multilabel Reader (Perkin Elmer). Percent lysis was calculated using the following equation: (Sample Release -- Spontaneous Release)/(Maximal Release (from Triton X-100 lysis) -- Spontaneous Release) × 100%. Data were log transformed and fitted to a sigmoidal dose-response curve using GraphPad Prism v5.

PBMC-based ADCR {#s0004-0003}
---------------

ADCR assays with PBMC effector cells and MDA-MB-231 target cells (from American Type Culture Collection) were performed using an effector: target ratio of 10:1 (200,000 PBMC: 20,000 target cells) in a 96-well plate in the presence or absence of 10 ng/ml IL-12 (R&D Systems, cat.no. 219-IL-005) with the indicated antibody concentrations. After 48 h, the plates were centrifuged and the supernatant was collected. IFNγ cytokine concentrations were determined using Quantikine ELISA kits (R&D Systems, cat.no. SIF50). Luminex quantitative multi-analyte profile was performed at Myriad Rules-Based Medicine (cat.no. Human InflammationMAP®). Data was graphed using GraphPad Prism and fold-changes were normalized relative to the isotype control.

24h macrophage-based ADCP and ADCR {#s0004-0004}
----------------------------------

Human PBMCs were isolated from leukopaks (Biologics Specialty Corp) using Ficoll gradient centrifugation. CD14^pos^ monocytes were purified from PBMCs by negative depletion using a CD14 isolation kit that did not deplete CD16^pos^ monocytes (Stem Cell Technologies, cat.no. 19058). Monocytes were plated at 0.1 × 10^6^ cells/cm^2^ in X-VIVO-10 medium (Lonza, cat.no. 04-380Q) containing 10% FBS. Macrophages were differentiated by the addition of 25 ng/ml of M-CSF (R&D Systems, cat.no. 216-MC-025/CF) for 7 days. Fifty ng/ml of IFNγ (R&D Systems, cat.no. 285-IF-100/CF) was added for the final 24 h of differentiation. The relative expression of FcγRs was monitored by flow cytometry. Briefly, 0.15 × 10^6^ cells in bovine serum albumin (BSA)-containing FACS buffer (BD Biosciences, cat.no. 554657) were incubated with anti-FcγRI FITC clone 10.1 (BD Biosciences, cat.no 55527), anti-FcγRIIa clone IV.3 (StemCell Technologies, cat.no. 01470 conjugated to Alexa Fluor 647 per the manufacturer\'s instructions (Invitrogen, cat.no. A20186)), anti-FcγRIIb clone 2B6 (mouse IgG2a constructed by gene synthesis conjugated to Pacific Blue per the manufacturer\'s instructions (Invitrogen, cat.no. P30013)), and anti-FcγRIII PE-Cy7 clone 3G8 (BD Biosciences, cat.no. 557744). Cells were then washed in BSA-containing FACS buffer and were acquired on an LSRFortessa (BD Biosciences). Target cells for the assay were GFP-expressing MDA-MB-231 cells.[@cit0042] -24 h ADCP assays were performed as previously described.[@cit0028] At the end of the incubation, supernatants were collected and IL-10 levels were assayed using a plate-based ELISA (R&D Systems, cat.no. S1000B), whereas the larger cytokine panels were performed by Rules-Based Medicine (cat.no. Human InflammationMAP^→^). Data was graphed using GraphPad Prism v5 and fold-changes were normalized relative to the isotype control.

Competition AlphaScreen assays for FcγR-binding {#s0004-0005}
-----------------------------------------------

AlphaScreen (PerkinElmer) was used to assess competitive binding of IgG1, IgG2, IgG4, 2h-DAA, and 2h-AEA as was previously described.[@cit0039] Human FcγRI (cat.no. 1257-FC-050), FcγRIIa R131 (cat.no. 1330-CD-050/CF), and FcγRIIIa V158 (cat.no. 4325-FC-050) were purchased from R&D Systems. Briefly, competition binding studies were carried out in half-well volume 96-well opaque plates (Corning, cat. no. 3693) in PBS, 0.05% BSA, 0.01% Tween-20 at pH 7.4. Competition studies were performed against a biotinylated IgG1 at a set concentration of 0.2 μg/mL in the final assay concentration and varying levels of competing mAbs. FcγR concentrations were 0.2 μg/mL in final concentration of the assays. A 1/50 diluted nickel chelate (Ni)-acceptor beads (PerkinElmer, custom order) and streptavidin (SA)-donor beads (PerkinElmer, cat.no. 6760002) were added in the final set-up step in the assay prior to incubation for 30-60 minutes. For each assay, Relative Fluorescence Units were measured using an Envision 2101 Multilaber Reader (PerkinElmer). Data were normalized for maximal signal and were log-transformed and fitted to a sigmoidal dose-response curve using GraphPad Prism v5.

Flow cytometry for intracellular cytokines {#s0004-0006}
------------------------------------------

For intracellular cytokine staining, PBMC effector cells, 5 µg/ml of anti-CD142 antibody variants and MDA-MB-231-GFP target cells were incubated for 16 h prior to a 4 h addition of GolgiPlug (BD Biosciences, cat.no. 555029). Cells were then stained using a fixable Near IR live/dead marker (Invitrogen, cat.no. L10119) and fixed using CytoFix/CytoPerm solution (BD Biosciences, cat.no. 554714). Cells were washed in Perm/Wash (BD Biosciences, cat.no. 554714) and stained using the following antibodies: anti-CD11b-PE (BD PharMingen, cat.no. 555388), anti-CD16-PECy7 (BD PharMingen, cat. no. 557744), anti-CD3-AlexaFluor700 (BD PharMingen cat. no. 561027), anti-IFNγ Horizon V450 (BD PharMingen, cat.no. 560371), anti-CD56-AlexaFluor647 (Biolegend, cat.no. 304612) and anti-CD14 QDot605 (Invitrogen, cat.no. Q10013). Cells were acquired on a BD Fortessa and data was analyzed using Flowjo (TreeStar).
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